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I C o a l  i s  c o n v e r t e d  from a h i g h  m o l e c u l a r  w e i g h t  s o l i d  ( M . W .  k 2 0 0 0 )  t o  
a l o w  m o l e c u l a r  w e i g h t  o i l  (h1 .W.  < 3 0 0 ) ,  when h e a t e d  i n  t h e  p r e s e n c e  
o f  a s u i t a b l e  s o l v e n t .  Between t h e s e  two e x t r e m e s  e x i s t s  a con t inuum 
o f  i n t e r m e d i a t e  m o l e c u l a r  w e i g h t  m a t e r i a l s .  The i n t e r m e d i a t e s  a r e  
d i v i d e d  i n t o  t h r e e  m a j o r  g r o u p s  by s o l u b i l i t y  i n  T H F ,  t o l u e n e  and i 

p e n t a n e .  P r e a s p h a l t e n e s  a r e  s o l u b l e  i n  THF b u t  i n s o l u b l e  i n  t o l u e n e ;  
a s p h a l t e n e s  a r e  s o l u b l e  i n  t o l u e n e  b u t  i n s o l u b l e  i n  p e n t a n e ;  and o i l s  
a r e  s o l u b l e  i n  p e n t a n e  a n d ,  t o  a l a r g e  e x t e n t  d i s t i l l a b l e .  I f  t h e  
c o a l  c o n v e r s i o n  p r o c e s s  p r o c e e d s  from d i s s o l v e d  c o a l  t o  o i l  t h r o u g h  
t h e  i n t e r m e d i a t e  p r o d u c t s ,  t h e n  e x a m i n i n g  t h e  r e a c t i o n  mechanisms o f  
t h e  i n t e r m e d i a t e s  w i l l  p r o v i d e  i n f o r m a t j o n  a b o u t  t h e  u p g r a d e a b i l -  
i t y  ( 1 - 3 )  o f  t h e  d i s s o l v e d  c o a l  and a b o u t  t h e  e n t i r e  c o a l  c o n v e r s i o n  
p r o c e s s .  

T h i s  p a p e r  d e s c r i b e s  t h e  p h y s i c a l  c h a r a c t e r  and r e a c t i o n s  o f  p r e a s p h a l -  
t e n e s  made from a b i t u m i n o u s  c o a l .  The p r e a s p h a l t e n e s  were  o b t a i n e d  
by r e a c t i n g  I l l i n o i s  Q6 B u r n i n g  S t a r  c o a l  i n  c o n t a c t  i \ . i th  SRC-I1 
h e a v y  d i s t i l l a t e  u n d e r  h y d r o g e n  p r e s s u r e  i n  an  A u t o c l a v e  f o r  v a r i o u s  
times (10 t o  30 m i n u t e s )  and t e m p e r a t u r e s  (350 t o  45OOC). The p r e -  
a s p h a l t e n e s  were s e p a r a t e d  by u s i n g  c o n v e n t i o n a l  S o x h l e t  e x t r a c t i o n  
t e c h n i q u e s .  The p r i m a r y  q u e s t i o n  a d d r e s s e d  was :  Are p r e a s p h a l t e n e s  
p r o d u c e d  u n d e r  one  s e t  o f  r e a c t i o n  s e v e r i t i e s  ( i . e . ,  350°C f o r  10  
m i n u t e s )  d i f f e r e n t  t h a n  t h o s e  made a t  o t h e r  s e v e r i t i e s  ( i . e . ,  4 0 0  
o r  450'C) ? The e x t r a c t e d  p r e a s p h a l t e n e s  were a n a l y z e d  f o r  m o l e c u l a r  
w e i g h t ,  s o l u b i l i t y  and e l e m e n t a l  c o m p o s i t i o n .  The c h e m i c a l  r e a c t i v i -  
t i e s  ( u p g r a d e a b i l i t y )  were s t u d i e d  by  f u r t h e r  r e a c t i o n  o f  t h e  e x t r a c t e d  
p r e a s p h a l t e n e s  w i t h  SRC-I1 h e a v y  d i s t i l l a t e  s o l v e n t  i n  s h a k i n g  m i c r o -  
r e a c t o r s  a t  400 'C  u n d e r  h y d r o g e n  f o r  0 t o  30 m i n u t e s .  

The c o n v e r s i o n  o f  t h e  p r e a s p h a l t e n e s  was f o l l o w e d  u s i n g  a g e l  permea-  
t i o n  l i q u i d  c h r o m a t o g r a p h i c  a n a l y t i c a l  me thod .  The r e s u l t s  i n d i c a t e d  
t h a t  p r e a s p h a l t e n e s  g e n e r a t e d  a t  l o w e r  s e v e r i t y  were more s o l u b l e ,  
more r e a c t i v e  and had  a h i g h e r  m o l e c u l a r  w e i g h t  t h a n  t h o s e  g e n e r a t e d  
a t  h i g h e r  s e v e r i t y .  

E x p e r i m e n t a l  

S t a r t i n g  m a t e r i a l s  f o r  t h i s  s t u d y  a r e  I l l i n o i s  No. 6 Burn ing  S t a r  c o a l  
and  SRC-I1 heavy  d i s t i l l a t e .  An a n a l y s i s  o f  t h e s e  m a t e r i a l s  i s  p r e -  
s e n t e d  i n  T a b l e  1. I n i t i a l  e x p e r i m e n t s  were  p e r f o r m e d  i n  a 1 - l i t e r  
A u t o c l a v e  e q u i p p e d  w i t h  a m a g n e d r i v e  s t i r r e r  and o p e r a t e d  a t  c o n s t a n t  
p r e s s u r e  ( 4 ) .  T h r e e  r u n s  o f  v a r y i n g  s e v e r i t y  were p e r f o r m e d  t o  p r o -  
v i d e  l a r g e  s a m p l e s  o f  c o a l  d e r i v e d  m a t e r i a l s  f o r  a n a l y s i s  and s u b s e -  
q u e n t  t e s t i n g .  The r u n  c o n d i t i o n s  and a n a l y s e s  a r e  p r o v i d e d  i n  
T a b l e  2 .  P r e p a r a t o r y  s c a l e  s e p a r a t i o n s  were  p e r f o r m e d  by s e q u e n t i a l  
p r e c i p i t a t i o n  and S o x h l e t  e x t r a c t i o n  i n  t h e  o r d e r  THF,  t o l u e n e ,  

* T h i s  work s u p p o r t e d  by  t h e  U . S .  D e p a r t m e n t  o f  Energy u n d e r  C o n t r a c t  
DE-AC04-76DP00789. 
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TABLE 1. S e l e c t e d  A n a l y t i c  D a t a  f o r  S o l v e n t  and  Coal  
I l l i n o i s  No. 6 SRC- I I 

B u r n i n g  S t a r  Coal  Heavy D i s t i l l a t e  

U l t i m a t e  Ana y s i s  Carbon 7 1 . 5  8 9 . 8  
0 dmmf Hydrogen 4 . 8  7 . 6  

h'i t r o g e n  1 . 5  1 . 4  
S u l f u r  3 . 3  0 . 4  
Oxygen 8 . 4  1 . 8  

( d i f f e r e n c e )  
Ash % d r y  b a s i s  1 0 . 0  0.05 
D i s t i l l a t e  Y i e l d  _ _  8 6 . 5  I? 850'F 

Weight % 

a n d  p e n t a n e .  T h r o u g h o u t  t h i s  s t u d y ,  a c t u a l  a n a l y s e s  were  P e r f o r m e d  
u s i n g  a q u a n t i t a t i v e  g e l  p e r m e a t i o n  l i q u i d  c h r o m a t o g r a p h i c  (GPC) 
a s p h a l t e n e  a n a l y s i s  ( 5 ) .  T h i s  method s e p a r a t e s  a c o a l  d e r i v e d  p r o -  
d u c t  i n t o  h i g h ,  i n t e r m e d i a t e  and low m o l e c u l a r  s i z e  f r a c t i o n s  t h a t  
may b e  q u a n t i f i e d  b y  u s i n g  a p p r o p r i a t e  s t a n d a r d s .  

S e c o n d a r y  r e a c t i o n s  o f  ? r e a s n h a l t e n e s  a n d  a s p h a l t e n e s  v e r e  p e r f o r m c d  
i n  2 0  cm' shakin :  m i c r o r e a c t o r s  ( 6 ) .  The p r e a s p h a l t e n e  w a s  a d d e d  t o  
SRC-I1 F!ll a t  a r a t i o  o f  1 / 1 4  and r e a c t e d  a t  4 O O 0 C  u n d e r  1800 ?si 
h y d r o g e n .  F l u i d i z e d  s a n d  b a t h s  i i e r e  used f o r  h e a t i n g  ('1.2 m i n u t e s  
t o  r e a c t i o n  t e m p e r a t u r e s )  a n d  c o o l i n g  ( ~ 3 0  s e c o n d s  f o r  a ZOO°C 
q u e n c h ) .  

The r e a c t i o n  t ime f o r  t h e  1 0  and 30 m i n u t e  e x p e r i m e n t s  i s  e x c l u s i v e  
o f  h e a t - u p  a n d  c o o l - d o w n .  The c x p e r i m e n t s  l a b e l e d  z e r o - t i m e  w e r e  
p e r f o r m e d  by h e a t i n g  empty m i c r o r e a c t o r s  t o  t e m p e r a t u r e ,  t h e n  r a p i d l y  
i n j e c t i n g  t h e  p r e a s p h a l t e n e / s o l v e n t  s l u r r y .  The m i x t u r e  a t t a i n e d  
r e a c t i o n  t e m p e r a t u r e  w i t h i n  1 5  s e c o n d s .  The m i c r o r e a c t o r  was quenched  
i n  a w a t e r  b a t h  1'1.5 s e c o n d s  t o  200OC). P r e a s p h a l t e n e s  and a s p h a l t e n e s  
were  o b t a i n e d  f rom t h e  p r e p a r a t o r y  A u t o c l a v e  Yuns d e s c r  
a n a l y z e d  by Huffman L a b o r a t o r i e s  f o r  e l e m e n t a l  c o m p o s i t  
c u l a r  w e i g h t s  (VPO i n  p y r i d i n e ) .  

R e s u l t s  

S e l e c t e d  p h y s i c a l  p r o p e r t i e s  o f  p r e a s p h a l t e n e s  f rom t h e  
t o r y  r u n s  d e s c r i b e d  i n  T a b l e  2 a r e  p r o v i d e d  i n  T a b l e  3 .  
a r e  d e f i n e d  as  m a t e r i a l  t h a t  i s  s o l u b l e  i n  THF b u t  i n s o  

b e d  and  were 
o n s  and  mole-  

t h r e e  p r e p a r a -  

u b l e  i n  
P r e a s p h a l t e n e s  

TABLE 2 .  Run C o n d i t i o n s  and A n a l y t i c a l  D a t a  f r o m  A u t o c l a v e  P r e p  Runs 
Weight  % Based Upon dmmf C o a l  

Run* T e m p e r a t u r e  Time I OF4 PreA Asph __ O i  1 

A35030 350'C 30 min .  4 0 . 2  3 4 . 7  24 .7  4 . 3  
A40020 400°C 20 min .  2 5 . 9  3 0 . 3  4 3 . 0  1 0 . 8  
A45010 450°C 1 0  min .  2 5 . 2  1 9 . 0  4 3 . 0  2 2 . 8  

- 

* A l l  r u n s  p e r f o r m e d  w i t h  I l l i n o i s  No. 6 E u r n i n g  S t a r  c o a l  and 
SRC-I1 h e a v y  d i s t i l l a t e  s o l v e n t  ( T a b l e  1) a t  1 / 2  c o a l  t o  s o l v e n t  
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TABLE 3 .  M o l e c u l a r  Weigh t  a n d  E l e m e n t a l  A n a l y s i s  o f  P r e a s p h a l t e n e s  
E l e m e n t a l  A n a l y s i s  Iz't % Mo l e c u l  a r  

Sample Weight  C H N S 0 " )  - - - - -  
~ 

A350030 2867  8 0 . 1  5 . 3  1 . 9  1 . 9  1 0 . 8  
A400020 2482  8 2 . 3  5 . 2  2 . 0  1 . 4  9 . 1  
A450010 1 7 7 7  8 5 . 9  5 . 2  2 . 1  1.1 5 . 7  

(1) Oxygen by  d i f f e r e n c e .  

t o l u e n e ;  h o w e v e r ,  a f t e r  t h e  THF i s  r emoved ,  a s i g n i f i c a n t  p o r t i o n  o f  
t h e  p r e a s p h a l t e n e s  will n o t  r e d i s s o l v e  i n  THF. T h e s e  a r e  p y r i d i n e  
s o l u b l e  and a re  c a l l e d  p o s t - p r e a s p h a l t e n e s .  The THF i n s o l u b i l i t y  
v a r i e s  w i t h  r e a c t i o n  s e v e r i t y .  The 1 0 0 %  THF s o l u b l e  p r e a s p h a l t e n e s  
o b t a i n e d  f rom t h e  3 5 0 ° ,  30 m i n u t e  p r e p a r a t i o n  r e a c t i o n  became 6 1 %  
THF s o l u b l e  a f t e r  e v a p o r a t i o n  o f  t h e  o r i g i n a l  THF w h i l e  t h e  m a t e r i a l  
f rom t h e  450° ,  1 0  m i n u t e  p r e p a r a t i o n  r e a c t i o n  became o n l y  35% s o l u b l e .  
A f t e r  a p p r o x i m a t e l y  s i x  m o n t h s ,  t h e  same e x p e r i m e n t s  were r e p e a t e d  
w i t h  t h e  same p r e a s p h a l t e n e s  t o  d e t e r m i n e  w h e t h e r  s t o r a g e  i n  g l a s s  
j a r s  and i n  a i r  a t  room t e m p e r a t u r e  had  an e f f e c t  on s o l u b i l i t y  a n d / o r  
r e a c t i v i t y .  A f t e r  s i x  mon ths  o f  s t o r a g e ,  t h e  s o l u b i l i t y  o f  t h e  p r e -  
a s p h a l t e n e s  d e c r e a s e d  f rom 6 1  t o  3 2 %  and from 35 t o  24% f o r  t h e  350" 
and  450' m a t e r i a l s ,  r e s p e c t i v e l y .  One p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  
phenomenon i s  t h e  g r a d u a l  l o s s  o f  a s o l v a t i n g  m o l e c u l e  w i t h  t i m e .  A 
s e c o n d  e x p l a n a t i o n  may be.  t h a t  t h e  m a t e r i a l  o x i d i z e s  ( 7 ) .  

The A u t o c l a v e  p r e p a r e d  S o x h l e t  e x t r a c t e d  p r e a s p h a l t e n e s  were  upgraded  
w i t h  SRC-I1 h e a v y  d i s t i l l a t e  u n d e r  1 8 0 0  p s i  h y d r o g e n  a t  400°C f o r  0 
t o  30 m i n u t e s .  The r e a c t i o n  p r o d u c t s  were  a n a l y z e d  f o r  t h r e e  compo- 
n e n t s .  One was t h e  p o s t - p r e a s p h a l t e n e  componen t ;  t h e  o t h e r  two were 
from t h e  THF s o l u b l e  p o r t i o n .  The s o l u b l e  p r e a s p h a l t e n e s  were f u r t h e r  
d i v i d e d  by  a g e l  p e r m e a t i o n  s e p a r a t i o n  i n t o  h i g h  ( s i m i l a r  t o  p r e a s p h a l -  
t e n e )  and i n t e r m e d i a t e  ( s i m i l a r  t o  a s p h a l t e n e )  m o l e c u l a r  w e i g h t  f r a c -  
t i o n s .  F i g u r e  1 shows t h e  i n t e r c o n v e r s i o n  o f  t h e  t h r e e  components  
d u r i n g  t h e  r e a c t i o n .  The SRC-I1  HD r e p r e s e n t s  ~ 9 2 %  o f  t h e  whole 
l i q u i d  p r o d u c t  and i s  n o t  p l o t t e d .  S m a l l  d i f f e r e n c e s  i n  p r e a s p h a l t e n e  
c o n c e n t r a t i o n  a r e  m e a s u r a b l e  u s i n g  t h e  l i q u i d  c h r o m a t o g r a p h i c  a n a l y s i s  
( r e p r o d u c i b i l i t y  = + 5 % ) .  Also p l o t t e d  i s  a p o i n t  o b t a i n e d  by a d d i n g  
t h e  p r e a s p h a l t e n e  to SRC-I1 HD u n d e r  a m b i e n t  c o n d i t i o n s  f o r  16  h o u r s .  
The r e a s o n  f o r  i n d i c a t i n g  t h i s  d a t a  p o i n t  was t o  show d i f f e r e n c e s  i n  
s t a r t i n g  m a t e r i a l  and a l s o  t o  f o l l o w  c o n v e r s i o n  a s  t h e  r e a c t i o n  
components  were h e a t e d  f r o m  25" t o  400°C. A l a r g e  p o r t i o n  o f  t h e  
p o s t - p r e a s p h a l t e n e s  r e d i s s o l v e  d u r i n g  h e a t - u p .  

F i g u r e  2 p r e s e n t s  t h e  r e s u l t s  a s  f i r s t  o r d e r  r a t e s  o f  d e c o m p o s i t i o n .  
T h e s e  d a t a  a r e  b a s e d  upon t h e  c o n c e n t r a t i o n  o f  p r e a s p h a l t e n e s  i n  
s o l u t i o n  a t  400°C ( z e r o  t i m e ) .  
were c a l c u l a t e 9  f rom t h e  p l o t s  i n  F i g u r e  2 show t h a t  t h e  350 
( K  = 2 . 9  x 1 0 -  / s e c  i s  more  t h a n  5 t imes  more r e a c t i v e  t h a n  t h e  450 '  

T h e r e  a r e  a t  l e a s t  two e x p l a n a -  
t i o n s  f o r  t h i s  o b s e r v a t i o n .  1) The low s e v e r i t y  r e a c t i o n  p r o d u c e s  a 
d i f f e r e n t ,  more r e a c t i v e  m a t e r i a l ;  o r  2 )  The r e a c t i v e  p r e a s p h a l t e n e s  
made d u r i n g  t h e  450' r u n  h a v e  a l r e a d y  c o n v e r t e d  t o  l o w e r  m o l e c u l a r  
w e i g h t  m a t e r i a l .  The s e c o n d  p o s s i b i l i t y  i s  c o r r o b o r a t e d  by t h e  d a t a  
i n  T a b l e  2 ,  wh ich  shows t h a t  a t  4 5 0 " - 1 0  m i n u t e s ,  more c o a l  was c o n -  
v e r t e d  t h a n  a t  350', y e t  l e s s  p r e a s p h a l t e n e  was e x t r a c t e d .  T a b l e  3 
i n d i c a t e s  t h a t  t h e  l e s s  r e a c t i v e  450 '  p r e a s p h a l t e n e  had  a 10wcr molccu -  
l a r  w e i g h t  and  c o n t a i n e d  fewer h e t e r o a t o m s .  

The f i r s t  o r d e r  r a t e  c o n s t a n z s  t h a t  
m a t e r i a l  

m a t e r i a l  ( 4 . 6  x 10' 3 '  / s e c )  ( 6 ,  8 - 1 0 ) .  
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we w i l l  a t t e m p t  t o  c l a r i f y  t h e s e  d i f f e r e n c e s  i n  f u t u r e  s t u d i e s  by  
r e a c t i n g  t h e  c o a l  u n d e r  v a r i o u s  s e v e r i t i e s  b u t  t o  t h e  same c o n v e r s i o n  
and p r o d u c t  s l a t e  and t h e n  e x t r a c t i n g  and  r e a c t i n g  t h e  p r e a s p h a l t e n e s .  

The d a t a  p l o t t e d  i n  F i g u r e  l b  a r e  t h e  r e s u l t s  o f  r e a c t i n g  t h e  p r e -  
a s p h a l t e n e s  a f t e r  6 months o f  s t o r a g e  a t  room t e m p e r a t u r e .  The 
r e s u l t s  show b o t h  d i f f e r e n c e s  i n  a b s o l u t e  v a l u e s ,  c a u s e d  by  t h e  
c h a n g e  i n  s o l u b i l i t y ,  and s i m i l a r i t i e s  i n  t h e  t r e n d s .  The 350' 
p r e a s p h a l t e n e s  were  s t i l l  more r e a c t i v e  t h a n  t h e  450' m a t e r i a l  e v e n  
w i t h  t h e  change  i n  s o l u b i l i t y .  

I n  summary, p r e a s p h a l t e n e s  have  b e e n  i s o l a t e d  f rom l i q u e f a c t i o n  r u n s  
u n d e r  r e a c t i o n  s e v e r i t i e s  f rom 450'C f o r  1 0  m i n u t e s  t o  350'C f o r  30 
m i n u t e s .  The p r e a s p h a l t e n e s  were i s o l a t e d  and  d i f f e r e d  i n  m o l e c u l a r  
w e i g h t s ,  1.2900-1800 amu, and  i n  e l e m e n t a l  c o m p o s i t i o n .  The m a t e r i a l s  
a l s o  were n o t  s t a b l e  upon s t a n d i n g  a t  room t e m p e r a t u r e .  R e a c t i v i t i e s  
were g r e a t e s t  f o r  t h e  p r e a s p h a l t e n e s  p r e p a r e d  a t  t h e  l o w e s t  s e v e r i t y  
( K  = 2 . 9  x 1 0 - 2 / s e c )  and l e a s t  f o r  t h o s e  p r e p a r e d  a t  t h e  h i g h e s t  
s e v e r i t y  ( K  = 4 . 6  x 1 0 - 3 / s e c ) .  

T h e s e  r e s u l t s  h a v e  p o t e n t i a l  i m p l i c a t i o n s  f o r  c o a l  l i q u e f a c t i o n ,  
e s p e c i a l l y  two s t a g e  l i q u e f a c t i o n .  I f  r e a c t i v e  o r  u p g r a d e a b l e  i n t e r -  
m e d i a t e s  can b e  p r o d u c e d  a t  low r e a c t i o n  s e v e r i t y  (350 '  v s  4 5 0 ° ) ,  t h e n  
i t  may b e  p o s s i b l e  t o  p r e v e n t  r e t r o g r e s s i v e  r e a c t i o n s .  However,  w e  
h a v e  no i n d i c a t i o n  t h a t  a n y  o v e r a l l  p r o d u c t  enhancemen t  w i l l  b e  
o b t a i n e d  from s t r i c t l y  t h e r m m e s s .  
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Figure 2. First order rates of decomposition of preasphaltenes based 
o n K = -  2 * 3 0 3  Log c o / c .  t 
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